of an animal with a male soma, that is, a male (Hodgkin, ‡ Present address:
The tra-1 gene encodes a DNA-binding protein, TRAand Horvitz, 1998). The n3082 mutation is linked to the egl-1(n1084gf) mutation, which raised the possibility 1A, with five zinc fingers most similar to the zinc fingers of the gene products of the segment polarity gene cubithat the n3082 and n1084 mutations affect the same gene. However, we did not find any mutations in the tus interruptus (ci) and the pair-rule gene odd-paired of Drosophila and the vertebrate Gli genes, which together coding region or in the 5Ј and 3Ј untranslated regions of the BH3 gene in animals carrying any of the seven form a subfamily within the family of Krü ppel-like zinc finger DNA-binding proteins and transcription factors egl-1(gf) mutations. We show below that the egl-1(gf) mutations reside in regulatory regions of the BH3-con-(Zarkower and Hodgkin, 1992; Benedyk et al., 1994). TRA-1A protein binds DNA in vitro in a sequence-spetaining cell death activator gene defined by n3082. cific manner, and it has been proposed that TRA-1A controls sexual fate by transcriptionally activating fen1084
Maps about 0.04 Map Units Left of n3082
The egl-1(gf) mutation n1084 and the n3082 mutation male-specific and/or by transcriptionally repressing male-specific genes required for sexual differentiation both map to linkage group V between the genetic markers rol-4 (rol, roller) and unc-76 (unc, uncoordinated), (Zarkower and Hodgkin, 1993) . A number of genes have been identified that when mutated result in sex-specific which are 2.7 map units apart (Conradt and Horvitz, 1998) . To determine how tightly the two mutations are defects (e.g., the mab genes [mab, male abnormal]; Hodgkin, 1983) , and that therefore might be targets of linked, we attempted to separate them using the egl-1(n1084gf) n3082 chromosome, which we identified in TRA-1A. However, none of these genes has been shown to be a direct target of TRA-1A.
our egl-1(n1084gf) suppressor screen, in a four factormapping experiment. Starting with a strain of genotype In this paper, we present data indicating that in the sexually dimorphic HSNs, the cell death activator gene rol-4 unc-76/egl-1(n1084gf) n3082, we screened for Rol non-Unc and Unc non-Rol progeny. Among 70 identified egl-1 is under the direct control of the C. elegans sex determination pathway. egl-1(gf) mutations cause the Unc non-Rol progeny, one was of the phenotype Egl Unc non-Rol. The genotype of the recombinant chromoinappropriate deaths of the HSNs in hermaphrodites (Trent et al., 1983; Ellis and Horvitz, 1986) . These eglsome of this animal was egl-1(n1084gf) unc-76, indicating that the recombination event had occurred between 1(gf) mutations disrupt a TRA-1A-binding site 5.6 kb downstream of the egl-1 transcription unit and result in egl-1(n1084gf) and n3082. Among 137 identified Rol non-Unc progeny, none had an Egl phenotype. These the inappropriate activation of the egl-1 gene in the HSNs in hermaphrodites.
findings indicate that the egl-1(n1084gf) mutation maps to the left of n3082 on the genomic map or downstream of n3082 on the physical map (Figure 1 ). The frequency Results of recombination between egl-1(n1084gf) and n3082 detected among the Unc non-Rol progeny (1/70) suggests Dominant gain-of-function (gf) mutations in the egl-1 gene cause the HSNs to inappropriately undergo prothat egl-1(n1084gf) and n3082 are approximately 0.04 map units apart and therefore tightly linked. grammed cell death in hermaphrodites (Trent et al., 1983; Ellis and Horvitz, 1986 ). Seven such egl-1 mutations have been identified in screens for egg layingIdentification of egl-1(gf) Mutations These map data suggest that the egl-1(gf) mutations defective mutants (Trent et al., 1983 ; Desai and Horvitz, 1989; J. Yuan et al., unpublished observations). In a might affect downstream regulatory regions of the BH3 gene defined by n3082. The egl-1(gf) mutations cause screen for suppressors of the egg laying defect caused by the egl-1(gf) mutation n1084, we identified the mutaa dominant phenotype. We therefore reasoned that DNA fragments that span the transcription unit of the BH3 tion n3082 (Conradt and Horvitz, 1998) . This mutation suppresses the egl-1(n1084)-induced programmed cell gene and in addition carry an egl-1(gf) mutation downstream of this transcription unit might be capable of deaths of the HSNs, because it results in the loss of function of a gene encoding a BH3-containing cell death phenocopying the egl-1(gf) phenotype when introduced into hermaphrodites. To test this hypothesis, we used activator required for programmed cell death (Conradt the polymerase chain reaction (PCR) to amplify DNA fragments from animals carrying egl-1(gf) mutations and analyzed these fragments for their abilities to induce the killing of the HSNs in hermaphrodites. We chose to amplify a 7.8 kb fragment that includes the transcription unit of the BH3 gene and 5.8 kb of its downstream region (Figure 2A) . A wild-type genomic fragment of this length almost completely rescued the cell death defect caused by the n3082 mutation and hence appears to include most regulatory regions of the BH3 gene (Conradt and Horvitz, 1998) . We amplified the 7.8 kb fragment from the wild-type (N2) C. elegans, from egl-1(n1084gf) n3082 animals, and from two strains carrying different egl-1(gf) mutations, n1084 or n986. Using germline transformation, we introduced these fragments into egl-1(n1084gf) n3082 animals, which are cell death defective (Ced) and have HSNs. Thus, we could score the fragments not only for their abilities to induce HSN killing but also for their abilities to rescue the Ced phenotype of egl-1(n1084gf) n3082 animals as a control. The fragment amplified from wild-type animals rescued the Ced phenotype of the egl-1(n1084gf) n3082 animals but did not induce the HSNs to undergo programmed cell death in hermaphrodites ( Figure 2B ). The fragment derived from egl-1(n1084gf) n3082 animals, as expected, failed to rescue the Ced phenotype and did not induce HSN killing. By contrast, the fragments amplified from egl-1(n1084gf) or egl-1(n986gf) animals rescued the Ced phenotype and induced HSN killing in hermaphrodites ( Figure 2B ). The observed HSN killing was suppressed by a ced- 
CTCCTAACCGAGTGGTC
The consensus sequence of the TRA-1-binding site was determined by in vitro selection by Zarkower and Hodgkin (1993) . The sequences of the putative TRA-1-binding site in the egl-1 locus of C. elegans and C. briggsae were determined by the C. elegans Sequencing Consortium. The sequences of the TRA-1-binding sites of the egl-1 locus of egl-1(gf) mutants were determined as described in Experimental Procedures.
found DNA lesions in all seven mutants. As expected, G-to-A transitions found in the seven egl-1(gf) mutants are within this core sequence and are predicted to sethese lesions are at the 3Ј end of the 7.8 kb fragment, clustered within five bp of each other 5631 to 5635 bp verely affect the ability of TRA-1A to bind (Zarkower and Hodgkin, 1993) . To determine whether this putative TRAdownstream of the stop codon of the BH3 gene. We found a G-to-A transition at bp ϩ5631 in animals car-1A-binding site has been conserved through evolution, we cloned the egl-1 locus from C. briggsae, a related rying the egl-1(gf) mutations n487, n1084, or n1796, a G-to-A transition at bp ϩ5634 in animals carrying the Caenorhabditis species (our unpublished observations). We found an identical nine bp core sequence (and addiegl-1(gf) mutations n986, n987, or n2164, and a G-to-A transition at bp ϩ5635 in animals carrying the egl-1(gf) tional conserved areas) 3794 to 3802 bp downstream of the predicted stop codon of the C. briggsae egl-1 mutation n2248 (Table 1) .
gene (Table 1) Figures  4B and 4C) . TRA-1A binding to the wild-type probe was almost completely abolished in the presence of a 100-fold excess of wild-type competitor (Figures 4B and 4C ). These observations are in agreement with data obtained by others using a truncated TRA-1A protein (Zarkower and Hodgkin, 1993) . Competitor carrying the egl-1(gf) mutation n1084 reduced TRA-1A binding to the wildtype probe by 50% when present at a 500-fold excess (Figures 4B and 4C) . Fragments carrying the mutations n2164 or n2248 were less effective competitors than the n1084-containing fragment. At a 500-fold excess, the n2164-and n2248-containing fragments reduced TRA-1A binding to the wild-type probe only by about 25% (Figures 4B and 4C ). This result shows that TRA-1A binds to the TRA-1A-binding sites carrying the three different G-to-A transitions, although with reduced affinities, and that TRA-1A has a higher affinity for the n1084-containing binding site than for the n2164-or n2248-containing binding sites. egl-1(n2164gf), and egl-1(n2248gf) ( Table 2 ). However, 34% of the HSNs survived in hermaphrodites heterozygous for the mutation n1084 (egl-1(n1084gf)/ϩ), and mutation n986, n987, or n2164 (Table 1) To determine whether the tra-1 gene plays a role in specifying the cell death fate of the HSNs, we analyzed transcription unit, we performed gel mobility shift assays. We found that in vitro translated, full-length TRA-1A the survival of the HSNs in animals carrying either lf or gf mutations in the tra-1 gene. tra-1(lf) mutations lead protein could bind to and shift a probe consisting of a 297 bp DNA fragment that we amplified from sequences to the masculinization of the soma of hermaphrodites (XX) (Hodgkin, 1987) . Compared to 100% survival in 5526 to 5823 bp downstream of the egl-1 stop codon. TRA-1A was able to bind to the probe containing the wild-type XX animals, only 11% of the HSNs survived in XX animals homozygous for the strong tra-1(lf) mutation putative TRA-1A-binding site amplified from wild-type animals but failed to bind to the corresponding probes e1099 (Table 3) . Maternal effects have not been reported for the tra-1 gene. However, that 11% of the HSNs suramplified from animals carrying the egl-1(gf) mutation n1084, n2164, or n2248, which represent the three differvived in essentially male tra-1(e1099lf) XX animals might be a consequence of the presence of maternally derived ent G-to-A transitions ( Figure 4A) .
The Different egl-1(gf) Mutations Have Different Effects on HSN Survival In Vivo
To examine the binding of TRA-1A to the mutant TRAactive TRA-1A protein during embryogenesis, when the HSNs normally die. 1A-binding sites in more detail, we performed competition experiments. In these experiments, we used in vitro Dominant gf mutations in tra-1 cause the synthesis of a TRA-1A protein that is active in both hermaphrodites translated full-length TRA-1A protein, labeled wild-type [lanes 1, 7, 11, and 15],  0.15 l [lanes 3, 9, 13, and 17], 0.38 l [lane  4], 0.75 l [lane 5], or 1.5 l [lanes 6, 10, 14,  and 18]) or control lysate (1.5 l [lanes 2, 8,  12, and 16] ) was incubated with 4 ng of labeled wild-type (lanes 1-6) or n1084-(lanes  7-10), n2164-(lanes 11-14), or n2248-(lanes  15-18) -5), egl-1(n1084gf) (lanes 6-10), egl-1(n2164gf) (lanes 11-15) , or from egl-1(n2248gf) (lanes 16-20) animals. Results were analyzed as described in Experimental Procedures. (C) Comparison of the efficiencies of the various competitors. The data shown were generated as described in (B) and analyzed using a PhosphoImager. The amount of TRA-1A-DNA complex formed in the absence of competitor ([B], 0ϫ, lanes 1, 6, 11, and 16 ) was used as 100% of signal for each particular data set (N2, n1084, n2164, n2248) . N2, wild type. Data represent average Ϯ standard deviation of two or three independent experiments. and males, resulting in the feminization of the soma death fate of the HSNs is dependent on egl-1, we analyzed animals carrying mutations in both genes. Ninetyof males (X0) (Hodgkin, 1987) . While 0% of the HSNs survived in wild-type X0 animals, 82% of the HSNs sursix percent of the HSNs survived in XX animals that carry the egl-1(lf) mutation n3082, but only 11% of the HSNs vived in X0 animals heterozygous for the tra-1(gf) mutation e1575 (tra-1(e1575gf)/ϩ) ( Table 3) . (That 18% of the survived in tra-1(e1099lf) XX animals. In XX animals carrying both mutations, tra-1(e1099lf); egl-1(n1084 HSNs in tra-1(e1575gf) animals died presumably reflects the incomplete feminization of such animals (Hodgkin, n3082lf), 88% of the HSNs were present, suggesting that the egl-1(lf) mutation can suppress the lf muta-1987), which might have been amplified by the fact that these animals were also heterozygous for a tra-2(lf) mution in tra-1 (Table 3) . Furthermore, only 1% of the HSNs tation.) Thus, both lf and gf alleles of tra-1 affected the cell death fate of the HSNs.
To test whether the ability of tra-1 to specify the cell The presence of HSNs was scored as described by Sulston and The presence of HSNs was scored by Nomarski optics (Sulston and Horvitz, 1977) . The complete genotypes of the animals scored were Horvitz (1977). The complete genotypes of the animals scored were as follows: ϩ/unc-76(e911), egl-1(n1084 n3082)ϩ/egl-1(n1084 as follows: ϩ/unc-76(e911), egl-1(n1084) ϩ/egl-1(n1084) unc-76(e911), egl-1(n1084)ϩ/ϩunc-76(e911), egl-1(n2164)ϩ/egl-1(n2164) n3082) unc-76(e911), egl-1(n2164)ϩ/ϩunc-76(e911), tra-1(e1099), tra-1(e1099); egl-1(n1084 n3082), tra-2(e1095)/ϩ; tra-1(e1735)/ϩ; unc-76(e911), egl-1(n2164)ϩ/ϩunc-76(e911), egl-1(n2248)ϩ/egl-1 (n2248) unc-76(e911), egl-1(n2248)ϩ/ϩunc-76(e911) . n, number of him-5(e1490)/ϩ; ϩ/axIs36, tra-2(e1095)/ϩ; tra-1(e1735)/ϩ; him-5(e1490)/egl-1(n2164); ϩ/axIs36. ND, not determined. HSNs.
egl-1 gene in vivo. (4)
The tra-1 gene acts genetically as a negative regulator of egl-1 in the HSNs.
Figure 5B illustrates how the transcription of the egl-1 gene might be regulated in the sexually dimorphic HSNs. In wild-type hermaphrodites (XX), TRA-1A activity is high, and the binding of TRA-1A to the TRA-1A-binding site downstream of the egl-1 transcription unit negatively regulates an HSN-specific activator of egl-1 transcription (see below), resulting in the repression of the locus and HSN survival. In wild-type males (X0), the level of TRA-1A activity is too low to negatively regulate the HSN-specific activator, which allows the activation of the egl-1 gene and the deaths of the HSN. In egl-1(gf) hermaphrodites, TRA-1A activity is high but TRA-1A is unable to negatively regulate the HSN-specific activator because its binding site is disrupted, resulting in the inappropriate activation of egl-1 in the HSNs in hermaphrodites and their deaths in the sex in which they normally survive. In egl-1(n1084 n3082lf) hermaphrodites (egl-1(lf)), the egl-1 gene is also inappropriately activated, but because the egl-1 coding region carries only the deaths of the HSNs in hermaphrodites but not the deaths of other cells destined to die. We therefore propose that the regulation of egl-1 in the HSNs involves were present in X0 animals heterozygous for the another factor, such as an HSN-specific activator of egl-1(gf) mutation n2164, whereas 82% survived in X0 egl-1 expression, and that TRA-1 specifically blocks this animals heterozygous for the tra-1(gf) mutation e1575.
activator. We found that only 8% of the HSNs were present in X0
The egl-1 gene represents the first identified direct animals heterozygous for both tra-1(e1575gf) and egltarget of TRA-1A in the soma, where TRA-1A functions 1(n2164gf), tra-1(e1575gf)/ϩ; egl-1(n2164gf)/ϩ, sugas the terminal regulator of sexual phenotype. It has gesting that the egl-1(gf) mutation is able to suppress been proposed that TRA-1A implements sexual fate by the tra-1(gf) mutation. These results indicate that with promoting female-specific and by suppressing malerespect to the HSN cell death fate egl-1 is epistatic to specific programs required for sexual differentiation tra-1 and that egl-1 therefore acts downstream of or in (Zarkower and Hodgkin, 1993) . The deaths of the HSNs parallel to tra-1 in the HSNs. tra-1 therefore acts as a can be regarded as part of the male-specific program, negative regulator of egl-1 in these neurons ( Figure 5A identify the pathways that determine the fate of proother somatic cells. Our preliminary data suggest that grammed cell death in all somatic cells that are destined the egl-1 gene is transcriptionally active specifically in to die during C. elegans development. Such studies cells that are destined to die during development (our should help reveal how multiple developmental signals unpublished observations). The transcriptional regulaare integrated and how the process of programmed cell tion of egl-1 might therefore be complex. Consistent death is used during development not only to create with this hypothesis is our observation that extensive sexual dimorphism within the nervous system but more regions of identity, suggestive of extensive cis regulatory regions, exist between the C. elegans and the C.
generally to form a functional organism.
